In the Rosaceae, Scrophulariaceae, and Solanaceae, the stylar product of the self-incompatibility (S-) locus is an RNase. Using protein sequence data from 34 RNase genes (three fungal RNases, seven angiosperm non-S RNases, 11 Rosaceae S-alleles, three Scrophulariaceae S-alleles, and ten Solanaceae S-alleles) we reconstructed the genealogy of angiosperm RNases using the neighbor joining method and two distance metrics in order to assess whether use of S-RNases in these families is the result of homology or convergence. Four monophyletic groups of angiosperm RNases were found: the S-RNases of each of the three families and a group comprising most of the angiosperm non-S RNases. The S-RNases of the Scrophulariaceae and Solanaceae were found to be homologous but strong inference concerning the homology or convergence of S-RNases from the Rosaceae with those of the other families was not possible because of uncertain placement of both the root and two of the angiosperm non-S RNases. The most recent common ancestor of the Rosaceae and both the Scrophulariaceae and Solanaceae is shared by 80% of dicot families. If the -RNases of the Rosaceae are homologous to those of the Scrophulariaceae and Solanaceae, then many other dicot families might be expected to share RNases as the mechanism of gametophytic self-incompatibility.
proposed that all physiological self-incompatibility mechanisms in flowering plants arose from a single system present in the most ancestral angiosperm and that incompatibility was a key feature leading the angiosperms to diversify and dominate terrestrial habitats (see also de Nettancourt, 1977) . More recently, the isolation of different classes of molecules as the products of the self-incompatibility (S-) locus in the Brassicaceae (Nasrallah et al., 1985) , Papaveraceae (Foote et al., 1994) , Solanaceae (Anderson et al., 1986) , and Poaceae (Li et al., 1994 ) strongly implies multiple evolutionary origins of incompatibility (Uyenoyama, 1995; Weller, Donoghue, and Charlesworth, 1995) . Nevertheless, the number of times incompatibility evolved and which families, if any, share incompatibility by homology remain open questions. In the Solanaceae, the stylar S-gene product is an RNase and evidence is mounting that the incompatibility reaction involves destruction of self-pollen RNA (McClure et al., 1990; Huang et al., 1994; Lee, Huang, and Kao, 1994) . The recent discovery that RNases are the stylar gene products of the S-locus in two additional plant families, the Rosaceae (Sassa, Hirano, and Ikehashi, 1992; Broothaerts et al., 1995) and the Scrophulariaceae (Xue et al., 1996) , begs the question of whether these families share this trait due to common ancestry or whether there has been convergent evolution of the use of RNases for self-pollen rejection.
Two conflicting viewpoints have been published concerning the homology of S-RNases among the three angiosperm families known to use them. Sassa et al. (1996) 1 Manuscript received 10 July 1996; revision accepted 6 January 1997.
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performed a genealogical analysis of angiosperm RNase sequences and found three distinct groups: S-alleles of the Rosaceae, S-alleles of the Solanaceae, and angiosperm non-S RNases. Sassa et al. (1996) concluded that use of RNases in incompatibility in the Solanaceae and Rosaceae represents convergence. However, without reference to an outgroup, it remained possible that the S-alleles from these two families could form sister groups, a result that would support homology. Xue et al. (1996) isolated and sequenced three S-RNases from Antirrhinum hispanicum, a member of the Scrophulariaceae. Gene genealogical analysis found that S-RNases from each of the three angiosperm families formed separate monophyletic groups. Rooting their genealogy using the fungal T2 type RNases, Xue et al. (1996) found that angiosperm non-S RNases formed a sister group to a clade comprising the S-RNases from all three families, a topology consistent with a single origin of the incompatibility systems in these three families. Xue et al. (1996) were careful to point out, however, that alternative topologies that implied that the S-RNases of the Rosaceae were of independent origin from those of the Solanaceae and Scrophulariaceae were possible. Because the findings of these studies conflicted and because neither study attempted a statistical analysis of the certainty of genealogical inference, we undertake here an analysis of the problem using S-RNase sequences from all three plant families, non-S RNase sequences from a variety of plants, and fungal T2 type RNases.
The Scrophulariaceae and Solanaceae belong to the subclass Asteridae and are more closely related to one another than either is to the Rosaceae, a member of the Rosidae subclass (Cronquist, 1981; Chase et al., 1993) . Descendants of the most recent common ancestor of the Rosidae and Asteridae comprise 80% of all dicot families (Cronquist, 1981; Chase et al., 1993) . Therefore, if the S-RNases from all three families are homologous, a large number of angiosperm families could share this form of gametophytic self-incompatibility through common ancestry. On the other hand, if there have been one or more parallel conversions of RNases to incompatibility function, one must ask why RNases have repeatedly been adopted for this function? One suggestion is that RNases used in defense against invasion of floral organs by fungal or other pathogens have been converted to function in incompatibility (Lee, Singh, and Kao, 1992) . If so, then characterization of RNase defense genes could lead to discovery of the antecedents of the S-locus.
MATERIALS AND METHODS
Thirty-five amino acid sequences were used in this analysis: three fungal T2 type RNases, seven non-S angiosperm RNases, 11 S-alleles from apple and Japanese pear (Rosaceae), three S-alleles from Antirrhinum hispanicum (Scrophulariaceae), and ten S-alleles from the Solanaceae, which are representative of the range of sequence diversity found among alleles in this family (Richman, Uyenoyama, and Kohn, 1996) . In addition, we included RNase X2, a non-S RNase isolated from styles of Petunia (Solanaceae), which was previously reported to be most closely related to the Nicotiana alata S6 allele (Lee, Singh, and Kao, 1992 ; see Fig. 1 for names and sources of all sequences). Amino acid alignment of sequences ( Fig. 1 ) was performed by Clustal W with the default settings and then adjusted by eye. Because of difficulty in alignment of terminal regions of divergent sequences, all analyses were performed on sequences beginning with the first amino acid of conserved region 1 (Ioerger et al., 1991) and ending with the amino acid following the last conserved cysteine residue (Fig. 1 ). This resulted in omission of one N-terminal amino acid and 16 C-terminal amino acids for functional S-proteins from the Solanaceae and varying amounts of truncation in other sequences. The neighbor joining method was used for genealogical reconstruction. Protein distances among pairs of sequences were produced in two ways, either using percentage amino acid divergence or using the PAM 001 Dayhoff matrix implemented by the PROTDIST program in PHYLIP (Felsenstein, 1993) . The PAM 001 Dayhoff matrix weights amino acid transitions according to their empirical frequency. For each distance metric, bootstrap analysis was performed by randomly drawing amino acid positions, with replacement, to produce 100 replicate protein distance matrices upon which neighbor joining was performed.
RESULTS
Several groups of sequences formed monophyletic clades with strong support among bootstrap replicates in analyses using both distance measures (Fig. 2) . These include the three fungal RNases, the S-RNases from each family, and a group of five non-S plant RNases (LE, LX, NE, RNS1, and RNS3). In both analyses the non-S RNase RNS2 was sister to this group, although this position received only weak bootstrap support (55%). The only non-S plant RNases not in this clade were RNase MC, whose genealogical placement was uncertain with no single placement found among a majority of bootstrap replicates, and RNase X2, which was sister to the Nicotiana alata S6 (see also Lee, Singh, and Kao, 1992) . In both analyses, S-alleles from the Scrophulariaceae and the Solanaceae formed sister groups. However, the relative positions of the non-S RNases (except X2), the S-alleles from the Rosaceae, and the position of the root were poorly supported (Fig. 2: note the short branch lengths and poor bootstrap support of basal nodes in both analyses).
Lack of bootstrap support for nodes near the root could result from variation in root position, variation in the placement of RNase MC and RNS2, and variation in the relative positions among the four well-supported clades (the three families of S-alleles and the group of five non-S RNases). To examine the extent of uncertainty due to root position, we analyzed the data using percentage amino acid differences in the absence of the fungal sequences in order to obtain unrooted networks of ingroup (angiosperm) sequences. We obtained strong support (95%) for the grouping of alleles from the Scrophulariaceae and Solanaceae so that alleles from the Rosaceae grouped with all non-S RNases except X2. However, the placement of RNase MC with respect to the other non-S RNases and S-alleles from the Rosaceae remained uncertain. RNase MC joined the network at a node basal to the Rosaceae S-RNases (33% of bootstrap replicates) with approximately the same bootstrap frequency that it joined at a node basal to the other non-S RNases (31% of replicates). Thus, it appears that the uncertainty in basal nodes of outgroup analyses (Fig. 2) results from both poor resolution of the root position and the uncertain placement of RNase MC.
DISCUSSION
Genealogical analysis of protein sequences from plant RNases fails to unequivocally support either homology or convergence as explanations for the use of S-RNases in three angiosperm families. Analyses using either distance metric support the hypothesis (Xue et al., 1996) that the S-RNases from the Scrophulariaceae and Solanaceae are homologous. Neither the root nor any of the non-S RNases separate the alleles from these two families and topologies that contradict the inference of homology occur in only a small minority of bootstrap replicates (Fig.  2) . However, whether the Rosaceae S-RNases are homologous or convergent with respect to the S-RNases from the other two families cannot be determined with certainty. With the exception of the uncertain placement of RNase MC, the topology produced using the PAM Dayhoff matrix (Fig. 2, right side) would support the inference that all S-RNases are homologous. That is, if all non-S RNases other than X2 form a clade sister to all S-RNases, then homology would be inferred. However, if the placement of RNase MC in the PAM Dayhoff analysis is accepted, then either RNase MC represents an ancient conversion of an S-allele to a different function (as RNase X2 apparently represents a more recent conversion) or the S-RNases from the Rosaceae represent a parallel evolutionary conversion of RNases to function in self-pollen rejection. The topology produced by the analysis of mean percentage amino acid differences (Fig. 2 , left side) makes the S-alleles from the Rosaceae sister to all angiosperm RNases. Under this topology, the most reasonable interpretation would be that the S-locus of the S Rosaceae results from convergence rather than homology to the S-locus of the Scrophulariaceae and Solanaceae. The alternative interpretation, that all S-loci are homologous, would force the inference that all known angiosperm non-S RNases represent reversions from the S-locus.
Perhaps the most surprising result is the fact that most non-S plant RNases (RNS1, RNS3, LE, LX, and NE), Fig. 2 . Neighbor joining genealogies using distances calculated as mean percentage amino acid differences (left side) or using the PAM 001 Dayhoff matrix (right side). Numbers indicate the percentage of 100 bootstrap replicates in which a group was found (numbers 50% not shown).
! Fig. 1 . Amino acid alignment of 35 RNase protein sequences. The five conserved (C1-C5) and two hypervariable (HVa, HVb) regions identified for S-alleles from the Solanaceae (Ioerger et al., 1991) are underlined. Asterisks mark amino acids that are invariant among angiosperm RNases. Fungal RNases: M, Aspergillis saitoi (Watanabe et al., 1990) ; T2, Aspergillus oryzae (Kawata, Sakiyama, and Tamaoki, 1988) ; Rh, Rhizopus niveus (Kurihara et al., 1992) . Angiosperm non-S RNases: LX and LE, Lycopersicon esculentum (Löffler, Glund, and Irie, 1993) ; RNS1-3, Arabidopsis thaliana (Taylor and Green, 1991) ; NE, Nicotiana alata (GenBank accession number U13256); MC, Momordica charantia (Ide et al., 1991) ; X2, Petunia inflata (Lee, Singh, and Kao, 1992) . Rosaceae S-alleles: S2, 3, 5, 7, 9, 10, 24, 26, 27MDO, Malus domestica (Broothaerts et al., 1995; Janssens et al., 1995; W. Broothaerts, unpublished data) ; S4, 5PSE, Pyrus serotina (Sassa et al., 1996) . Solanaceae S-alleles: NalataS1, 6, a, Z, Nicotiana alata ; LperuS3, 11a, 12, 13 Lycopersicon peruvianum (Chung et al., 1993; Royo, Kowyama, and Clarke, 1994) ; PinflS1, 3 Petunia inflata (Ai et al., 1990) . Scrophulariaceae S-alleles: AhispS2, 4, 5, Antirrhinum hispanicum (Xue et al., 1996) . with the exception of RNase X2 and perhaps MC and RNS2, form a group that is no more divergent than are the S-alleles from individual dicot families. These non-S RNases were drawn from a diverse group of taxa (LE, LX, and NE from Solanaceae, MC from Cucurbitaceae, RNS1-3 from Brassicaceae), which share the same most recent common ancestor as do the Solanaceae and Rosaceae (Chase et al., 1993) . The non-S sequences may in fact have diverged well before the most recent common ancestor of the taxa from which they were sampled since there is little reason to assume that they represent sequences from the same locus. Nevertheless, they are far more similar to one another than are the S-alleles from different families.
There are two possible explanations for the sequence similarity of the non-S RNases. First, the known plant non-S RNases could be a biased sample of plant RNases. Several of these loci are known to be upregulated under phosphate limitation or in senescent or floral (soon to senesce) tissue (Ide et al., 1991; Jost et al., 1991; Löffler, Glund, and Irie, 1993; Green, 1994) . Stress-related and scavenging RNases may be more closely related to one another than are RNase loci involved in other functions such as defense. It is interesting to note that RNase MC, the most divergent of the group of non-S RNases (except for X2), is found in ungerminated seed tissue and therefore may not be associated with senescence or stress functions (although colyledons senesce fairly soon after germination and MC could function in this regard). If a more diverse array of non-S RNases were known, gene-[Vol. 84 AMERICAN JOURNAL OF BOTANY alogical analysis could find different non-S RNases sister to the S-loci of different families, refuting the hypothesis of homology. Even the S-RNases from the Solanaceae and Scrophulariaceae could prove nonhomologous if independent antecedents of the S-locus in each family were detected. Finally, the S-RNases of the Solanaceae and Scrophulariaceae might appear homologous but actually result from parallel conversions of the same RNase to function in incompatibility, a potential problem common to character reconstructions using parsimony.
On the other hand, the current sample of non-S RNases may not represent a biased sample. The fact that most sequences have diverged relatively little may reflect the influence of stabilizing selection on these genes while diversifying selection acts on the S-locus (Clark and Kao, 1991; Richman, Uyenoyama, and Kohn, 1996) . Under the hypothesis that all S-RNases are homologous, the large distance between the S-alleles from each family could represent the effects of diversifying selection and allelic turnover following phyletic divergence. Since the Scrophulariaceae and Solanaceae share a more recent common ancestor with each other than with the Rosaceae, the S-alleles from these families are more similar. Under this hypothesis, complete turnover has occurred since these families diverged, such that alleles from each family are more closely related to one another than to alleles from other families, and no interdigitation of alleles from different families occurs in genealogical reconstructions ( Fig. 2 ; see also Xue et al., 1996) .
Two types of additional data could greatly increase the power of this analysis and might significantly alter the conclusions reached. The first would be inclusion of a wider range of plant non-S RNase sequences. Many more RNase loci likely remain to be discovered in plants (Green, 1994) . As discussed above, there may exist undiscovered non-S sequences sister to the S-RNases from different families. On the other hand, if newly discovered non-S RNases continue to cluster into a single group of non-S RNases, the inference of homologous origins of all S-RNases may be strengthened.
The second piece of additional data that could help improve the strength of genealogical inference would be the use of less distant outgroup sequences. At present RNase sequences from higher plants are available only from higher dicots. No sequences from nonangiosperm plants or from monocots are available. Use of distant (fungal) outgroup sequences may cause the uncertainty in root placement in the present analyses. Root placement is critical to the interpretation of the number of origins of S-RNases. If an RNase sequence from a group sister to the higher dicots were found that was similar to the group of angiosperm non-S RNases, it is quite possible that a strongly supported rooting making the non-S RNases sister to all S-RNases could be found. Such a topology would support the inference of homology of all S-RNases.
In conclusion, bootstrap analyses using outgroup rooting support the conclusion of Xue et al. (1996) that the use of RNases in the gametophytic self-incompatibility systems of the Scrophulariaceae and Solanaceae results from a single evolutionary origin. The inference of Sassa et al. (1996) , that use of S-RNases by the Rosaceae and Solanaceae represents an example of convergent evolution, may be premature. The S-RNases of the Rosaceae may be homologous to those of the Solanaceae and Scrophulariaceae but uncertainties concerning root placement and the genealogical positions of some non-S RNases preclude strong inference on this point. Use of additional non-S RNase sequences from angiosperms and use of less distant outgroup sequences with which to root the genealogy should allow stronger evolutionary inferences to be drawn concerning homology or convergence. If the S-RNases from all three families are homologous, we might expect to find additional examples of the use of RNases in incompatibility among the 80% of dicot families that share the same most recent common ancestor.
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